Introduction
Fertilization restores the diploid genome and initiates embryonic development. This important and specific cell-cell interaction involves sperm-oocyte recognition, adhesion, fusion, sperm phagocytosis and egg activation. Comparison with other cell-cell interactions, such as lymphocyte activation, macrophage phagocytosis or viral infection, led to the identification of integrin receptors (Fusi et al, 1992) and complement regulatory proteins (Anderson et al, 1989; Fenichel et al, 1990 Fenichel et al, , 1994 and to the characterization of new adhesive and/or fusiogenic proteins (Blobel et al, 1992; Myles, 1993; Perry et al, 1995) . However, the exact identification, expression and role of all the molecules involved in the multistep co-ordinated process of fertilization need to be clarified.
In most species, including invertebrates, gamete interaction induces a transient increase in egg intracellular free calcium concentration which seems essential for egg activation (Whitaker and Swann, 1993) . Whether sperm-oocyte interaction triggers this calcium signal by cell-cell membrane contact (Ciapa and De Nadai, Figure 1 . The different steps of fertilization, as proposed by Bedford and Cooper (1978) .
the well-known heterospecific zona-free hamster egg test. However, not all spermatozoa can bind and fuse with any cell or zona-free egg (Yanagimachi, 1994) . Some proteins with a relative specificity must participate in sperm-egg recognition, adhesion and fusion as shown by protease egg treatment (Boldt et al, 1989) , inhibition by monoclonal antibodies or identification of epididymal proteins shown to be necessary for fertilization (Rochwerger et al, 1992) . The high number of antibodies able to inhibit one fertilization step, strongly suggests that several proteins may co-operate, as is the case in immune cells (Hynes, 1992) .
Successive fertilization steps
The first contact between the sperm and oocyte membranes occurs at the level of the inner acrosome membrane and the egg microvilli region (Figure 1 ) as observed by Koehler et al. (1982) and Courtot and Lin-Tong (1988) . Recognition molecules are involved in this process (Yanagimachi, 1994) . Antibodies raised against determinants localized on this sperm region inhibit adhesion and/or fusion (Anderson et al, 1989; Okabe et al, 1992; Taylor et al, 1994) . Adhesion and fusion take place at the equatorial plate and/or at the post-acrosomal segment as shown by ultrastructural studies (Sathanantan and Chen, 1986) . Gamete fusion is delayed as indirectly observed by Bronson and Fusi (1996) in the humanhamster test, with a latent period of 20-90 min. Fusion proteins involved in viral infection have been taken as a model to propose that sperm binding modifies the conformational state of the fusiogenic protein or domain to allow fusion and the subsequent formation of the fusion pore (White, 1992) . This pore would then allow the sperm cytoplasm to penetrate the egg cytoplasm. Finally, the spermatozoon is incorporated by the oocyte in a process that mimicks phagocytosis after elongation of egg microvilli over the equatorial segment, as proposed ( Figure 1 ) by Bedford and Cooper (1978) and confirmed by Bronson and Fusi (1996) .
Egg activation
Egg activation occurs just after gamete adhesion/fusion and allows the onset of development and the blockage of polyspermy. In most species it is characterized by a transient increase in the intracellular free calcium concentration (Whitaker and Swann, 1993) known as the calcium signal which appears with a few minutes delay. It has been measured after a latent period following fusion of 1-3 min in the mouse. This calcium wave is followed by periodic calcium oscillations in mammals. It is clear that this calcium signal induces the release of meiosis, cortical granule exocytosis, zygote formation and first cell mitosis.
The autoregulated process allowing calcium to leave or to enter into the endoplasmic reticulum stores using calcium induced-calcium release (CICR) and a two stores oscillation model following the first increase, is well documented (Whitaker and Swann, 1993) . This model seems to exist in most species including human eggs (Sousa et al, 1996) and involves inositoltrisphosphate (IP 3 )-sensitive calcium channels (Myazaki et al, 1992) and ryanodine-sensitive receptors (Whitaker and Swann, 1993) . However, the way in which fertilization induces this calcium signal remains incompletely understood and is a matter of discussion. Two mechanisms have been proposed (for review, see Ciapa and De Nadai, 1996) ; a transmembrane signalling pathway through specific receptors, and/or the injection of a soluble sperm activating factor at the time of fusion. In the guinea pig, Parrington et al. (1996) have isolated a sperm protein called oscillin which is able to induce a calcium signal.
Polyspermia block
It is essential that only one spermatozoon fuses with the egg. As polyspermia leads to the breakdown of development, the blockage of polyspermia occurs rapidly after fertilization. It is induced by the calcium wave (Kline and Kline, 1992) and comprises modifications of the zona pellucida proteins by means of proteases released during exocytosis of the cortical granules (Cherr and Ducibella, 1990) . However, plasma membrane participation in this blockage cannot be discarded. Incorporation of the sperm membrane into the egg membrane (Maleszeski et al., 1996) , protein changes influenced by proteases and/or conformational changes of oolemma adhesive molecules induced by egg cytoskeletal modifications are all possible mechanisms.
Role of integrins

Integrin receptors
Integrins belong to a family of adhesive cell surface receptors which participate in cell-cell and cell-matrix interactions in many cell types, e.g. platelets, lymphocytes, fibroblasts or keratinocytes. Integrins are transmembrane glycoprotein heterodimers. The non-covalently associated a-and |3-subunits contribute together by their Af-terminal domain to the extracellular binding site. The ocsubunit binds near this region and divalent cations are necessary for receptor function. Each integrin can bind to several ligands including extracellular matrix proteins which often bear, as fibronectin, the Arg-Gly-Asp (RGD) sequence.
Integrins are expressed in an inactivated or activated state (for review, see Hynes, 1992) . Monoclonal antibodies or ligands bind only the activated state. Improvement of integrin affinities is consistent with a conformational change of the extracellular domain induced from inside the cell through cytoskeletal modificatons or from outside activation through co-operative ligand/receptor systems (Hazenbos et al., 1993) .
It has been demonstrated that integrins are able to transduce signals through the membrane after ligand-binding, including the regulation of intracellular pH or intracellular free calcium, phosphorylation of proteins on tyrosine or serine/ threonine residues and inositol lipid turnover (Schwartz, 1992; Hynes, 1992) . The way in which integrins participate in signal tranduction is still incompletely understood. However, by cross-linking integrins with antibodies or extracellular matrix proteins, various cellular processes are activated indicating that integrin aggregation plays an important role in signal transduction. Integrin receptors are often associated with other receptors in a multimolecular complex which contributes to cell activation (review by Hynes, 1992; Schwartz et al. 1995) . This multimolecular complex involves not only surface molecules but also cytoskeletal proteins. The cytoplasmic domain of the (3-subunit binds talin, a-actinin (Luna and Hitt, 1992) and vinculin (Jockusch and Riidiger, 1997) . These proteins allow linking between actin filaments and the membrane and contribute to cytoskeletal reorganization. The clustering of integrins and coreceptors completely modifies cytoskeletal structure leading to the activation of several signalling kinases: tyrosine kinases such as ppl25 F Aio c-Src and c-Abl, and serine/threonine kinases, such as protein kinase C and mitogen-activated protein (MAP) kinases (Lipfert et al. 1992; Wary et al. 1996; Meredith and Schwartz, 1997) . Cytochalasin D treatment, which disrupts the actin filament network, partially blocks phosphorylation of ppl25 FAK (for review, see Schaller and Pearsons, 1994) . Conformational switches of cytoskeletal proteins will allow diassembled and reassembled complexes and rapid phosphorylation or dephosphorylation (Jockusch and Riidiger, 1997) of adaptor proteins such as ppl25 FAK .
Integrin expression on gametes
Integrin expression on eggs has been reported in several species, including sea urchin, mouse, hamster, and human (Table I) . Bronson and Fusi (1990) were the first to show either with peptides containing the RGD sequence or with antiintegrin monoclonal antibodies by rosetting, or by dot blot analysis (Fusi et al., Campbell et al. (1995) De IF = immunofluorescence labelling; WB = Western blotting; NB = Northern blotting; IP = immunoprecipitation; PCR = polymerase chain reaction; R = rosetting, E = enzyme-linked immunosorbent assay; -= no effect. inhibition of sperm-egg adhesion or fusion by monoclonal antibodies or RGD peptides. b Heterologous test. 1992, 1993 ) that several integrins were present on Syrian hamster unfertilized oocytes (oc 2 , a 5 , ad$\ and a v (3 3 ) and on human eggs (oc 2 , cc 5 , and <i(J$\). Expression of (3] class integrins (a 3 ,a 5 , and oc^Pi) were identified both at the protein and mRNA levels in unfertilized mouse oocytes (Tarone et al, 1993) with a a 6 antigen mainly restricted to the microvillous area of the oocyte surface. Looking for an egg receptor for the sperm protein fertilin which possesses a disintegrin domain (Blobel et al, 1992) , Almeida et al. (1995) were able to characterize CL$>\ on the mouse oolemma. To study membrane receptor conservation among species, we performed immunofluorescence labelling and Western blot analysis with various mouse anti-integrin antibodies . We were surprised to find a 2 , cn 5 and f^ integrins on both sea urchin, hamster and human unfertilized oocytes. Moreover oc 4 was present on hamster and oc 6 on human oocytes. We also found by immunofluorescence studies that both hamster and human oocytes expressed a M f3 2 (CDlib/CD 18 or CR3 or MAC-1), a p 2 class antigen, as already suggested by Anderson et al. (1993) .
Several integrins have also been reported on human spermatozoa and mRNA transcripts of (3] integrins have been detected in ejaculated human spermatozoa (Rohwedder et al, 1996) . Their expression is enhanced during capacitation and modified in abnormal spermatozoa (Klentzeris et al, 1995) . Expression of very late antigen (VLA) integrins and fibronectin increases after the acrosome reaction and is related to the rate of in-vitro fertilization . Integrin OCvf^ has been recognized on the inner acrosome membrane and is exposed, after the acrosome reaction, for recognition by the egg. A relationship has also been established between sperm integrin expression and the penetration rate in the zona-free hamster oocyte sperm penetration assay (Henkel et al., 1996) . Nevertheless, sperm integrins which are already present on spermatogenic cells may play a role in intratesticular cell-cell communication, rather than in fertilization. Several experimental arguments support the involvement of egg integrins during sperm-egg interaction. Divalent cations are required for fertilization and for integrin receptor function. RGD peptides are able to induce intracellular calcium release in Xenopus eggs (Iwao and Fujimura, 1996) . Inhibition of spermoocyte adhesion and/or fusion using monoclonal antibodies (Table I) raised against integrins expressed on the egg surface or by means of RGD peptides has been shown in homospecific fertilization in the mouse (Almeida et al., 1995) and during the heterospecific human/hamster fertilization test (Bronson and Fusi, 1996; De Nadai et al, 1996) . Such an inhibition has also been obtained in the mouse with synthetic peptides with a disintegrin domain able to bind egg integrins (Almeida et al, 1995; Evans et al, 1997) . To confirm the hypothetical role of egg integrins during fertilization it is necessary to identify potential sperm ligand(s).
Sperm extracellular matrix proteins
Sperm extracellular matrix proteins have been identified on human spermatozoa following activation. Fibronectin and vitronectin, which both contain a RGD sequence, could, be egg integrin ligands (oc 5 (3i and 0^3 ) as they have been identified on the sperm membrane after capacitation. Fibronectin is secreted by the epididymis (Miranda and Tezon, 1992) and was found over the equatorial plate on acrosome-reacted human spermatozoa (Fusi et al, 1992) . Its expression was related to morphologically normal spermatozoa (Glander et al, 1987) .
The fertilin story
Using monoclonal antibodies raised against sperm antigens which inhibited guinea pig fertilization, Primakoff et al. (1987) have characterized an integral membrane heterodimer called PH-30 or fertilin at the protein and at the DNA level (Blobel et al, 1992) . The fertilin (3-chain showed a disintegrin-like domain able to bind an egg integrin. The a-chain contained a short sequence very similar to the fusion peptides carried by most viral fusion proteins (White, 1992 ) with an asymmetric a-helix containing hydrophobic residues on one face. This sequence is often implicated in membrane fusion after conformational changes have been induced by binding to the host cell through a specific binding domain. It has been supposed that fertilin could act in a similar way during sperm-egg adhesion and fusion, |3-chain allowing binding and conformational change and a-chain allowing fusion with oolemma (Myles et al, 1994) .
Looking for the egg integrin receptor in mouse, Almeida et al. (1995) showed that a peptide analogue to the mouse fertilin binding domain inhibited sperm binding to eggs and oc 6 (3i-bearing somatic cells and diminished egg anti-oc 6 monoclonal antibody staining. They proposed that fertilin/a 6 Pi could mediate sperm/egg binding and fusion. Synthetic peptides derived from this sequence were able to inhibit sperm-egg binding but not fusion (Evans et al, 1997) . The genes encoding for fertilin appeared to be conserved between species including human. However it was recently reported that the human fertilin a-gene was non-functional (Jury et al, 1997) . Thus, questions are raised about the importance and role of fertilin in mammalian fertilization.
The disintegrin-like domain family
The same group which identified fertilin and later cloned its genes, also demonstrated that fertilin was in fact a member of a widely distributed family of membrane proteins which were first known as ADAM (A Disintegrin And Metalloprotease domain) proteins (Wolfsberg et al, 1995) , then as MDCs (Metalloproteinase-like, Disintegrin-like, Cystein-rich family). Several members of this family have been identified in monkey epididymis (Perry et al, 1992) and testis (Perry et al, 1995) and more recently on mouse spermatozoa. This mouse protein called cyristestin is localized on the equatorial sperm region and the corresponding monoclonal antibodies inhibit sperm-egg adhesion and fusion (Yuan et al, 1997) . Bronson et al. (1995) have reported that echistatin, a snake venom disintegrin inhibited the adhesion of human spermatozoa to zona-free hamster eggs by competition with the RGD-dependent binding site of egg integrins OCvP3 and u$\. However, echistatin did not inhibit penetration of the oocyte by already adherent spermatozoa. It is likely that one or several disintegrin-like proteins participate in sperm-egg adhesion and/or fusion.
Membrane co-factor protein as a C3b receptor
Membrane cofactor protein (MCP) or CD46 binds C3b, the activated form of the complement protein C3. It has been characterized on human spermatozoa, as have several other members of the complement regulatory protein family (Fenichel et al, 1995) . CD46 is expressed on the inner acrosome membrane (Anderson et al, 1989; Fenichel et al, 1990; Cervoni et al, 1992) , a region exposed to the oolemma after the acrosome reaction and zona penetration. Several CD46 monoclonal antibodies inhibit human sperm binding to human oocytes (Taylor 38 et al, 1994) or to zona-free hamster eggs (Anderson et al, 1989; Okabe et al, 1992; P.Fenichel, unpublished data) .
C3 is secreted by the female genital tract (Sundstrom et al, 1989) and can be activated by proteases such as acrosin, which are released during the acrosome reaction (Anderson et al, 1993) . C3b, the activated C3 is then cleaved into the C3bi fragment with opsonin activity. C3bi can bind the sperm inner acrosome membrane (Figure 2 ). Particles coated with C3bi are usually recognized by human monocytes, macrophages and polymorphonuclear leukocytes (Wright et al, 1987) by means of the complement receptor type 3 (CR3). CR3, which recognizes a region of C3bi containing the RGD sequence (Wright et al, 1987) , belongs to the p 2 integrin receptor family. CR3 (oc M P2 °r CD lib/CD 18) has been identified on hamster and human eggs (P.Fenichel, unpublished data; Anderson et al, 1993) . It has been suggested (Anderson et al, 1993 ) that C3bi could act as a bridge (Figure 3 ) between CD46 expressed on spermatozoa and a M p 2 expressed on human egg.
Other ligand/receptor systems
Experimental data suggest that membrane proteins different from the integrin/ disintegrin family participate, as CD46 (Fenichel et al, 1995) , in adhesion/fusion during fertilization. Inhibition of sperm-egg adhesion/fusion has been reported with monoclonal antibodies raised against the complement component Clq receptor (Fusi et al, 1991) , CD59 or protectin (Fenichel et al, 1995) present on the sperm membrane and the Fey receptor present on oocyte (Bronson and Fusi, 1990) . Mori et al. (1992) have reported the expression of a CD4-like molecule on murine eggs and have detected a class II-like major histocompatibility antigen on the sperm head. Epididymal sperm maturation has been shown, to be necessary for natural fertilization through membrane binding and/or incorporation of epididymal proteins (Perry et al, 1992; Boue et al, 1995; Cohen et al, 1996) . The 'DE' sperm epididymal protein mediates gamete fusion through complementary sites on the egg surface (Cohen et al, 1996) .
Integrins during the different steps of fertilization
Comparison with other models of cell-cell interactions can help us to understand the role of integrins during successive fertilization steps. During lymphocyte activation several integrins act as costimulatory receptors with the T cell receptor CD3/CD4 complex. This activation includes conformational changes of integrins improving cell adhesion to other cells or to the extracellular matrix (Hynes, 1992) . During viral infection, integrins often act as binding proteins and interact with the fusion protein. Bacterial attachment and entry into mammalian cells also need integrins as co-receptors and signalling molecules (Bliska et al, 1993) . Complement receptor 3 (CR3) which belongs to the p 2 integrin family (a M (3 2 ) is a receptor for haemagglutinin expressed on Bordetella pertussis and allows attachment of these bacteria to monocyte-derived macrophages. Cross-linking of VLA-5 by Bordetella pertussis, monoclonal antibodies or fibronectin enhance the binding activity of CR3 which, in turn, facilitate the binding of the bacteria (Hazenbos et al, 1993) .
Sperm-egg adhesion
Expression of several egg integrins has been reported in all species tested. Characterization of several potential sperm ligands and experimental data showing inhibition of sperm-egg adhesion with specific monoclonal antibodies or RGD containing peptides strongly suggest that egg integrin receptors participate to the first step of fertilization. Whether one or several integrins are involved and whether integrins act as coreceptors in a multimolecular complex after modulation of primary ligand/receptor systems and before conformational changes of successive molecules, has to be further elucidated (Bigler et al., 1997) . Bronson and Fusi (1996) recently proposed a multistep adhesion process with: (i) the action of selectins, as already suggested by Campbell et al. (1995) to tether the spermatozoon to the oolemma; (ii) integrins to anchor the spermatozoon to the oocyte; (iii) sperm echistatin/P] class egg integrin or sperm fibronectin/egg oc 5 f3j are involved in the next step ( Figure 3) ; and (iv) fertilin or related ADAM molecule(s) allow irreversible binding at the equatorial segment and fusion at the post-equatorial segment. The CD46/C3b/a M j3 2 system could also participate in the initial adhesion step.
Fusion
The partial inhibition of fusion observed with monoclonal antibodies suggests indirect participation of egg integrin receptors . Viral fusion is a useful working model for the understanding of the molecular events of mammalian sperm-egg fusion (White, 1992; Huang et al. 1996) . One or several sperm ADAM molecules can be involved through binding to egg integrins ( Figure 3) ; binding and fusion domains can be localized on the same protein or present on distinct molecules. Conformational changes after binding induce the ability of the fusion domain to form the first fusion pore between sperm and egg plasma membranes (Bigler et al, 1997) .
Phagocytosis
Sperm incorporation into egg cytoplasma evocates phagocytosis and may be improved by several molecules found during macrophage phagocytosis such as the oc M (3 2 /C3bi/CD46 system (Figure 3) . C3bi, considered to be an opsonin, optimizes endocytosis. CD46 on the inner acrosome membrane is able to interact with egg during the elongation of oolemma microvilli over the acrosome reacted sperm head. The CD59, Fey and Clq receptors could also play a role during this step. Modifications of cytoskeletal proteins are likely involved in sperm incorporation (Webster and McGaughey, 1990) .
Egg activation
Integrins are membrane receptors able to transduce signals via cytoskeletal proteins. Talin, vinculin and a-actinin, linked to the tails of cytoplasmic integrin subunits influence actin filament reorganization. This pathway induces a rapid phosphorylation of submembraneous protein adaptor kinases which activate an intracytoplasmic phosphorylation cascade (Schwartz, 1995) . Two recent reports suggest that sperm binding to egg integrin receptors could participate in egg activation. Iwao and Fujimura (1996) have recently shown that RGD peptides were able to induce intracellular Ca 2+ release in unfertilized Xenopus eggs. De Nadai et al (1996) have identified talin, vinculin and a-actinin in sea urchin and hamster cytoplasm. In sea urchin eggs, these proteins were associated with protein phosphorylation during fertilization . Egg activation includes actin filament reorganization (Maro et al, 1990; Webster and McGaughey, 1990) .
Production of IP 3 seems to play an important role in calcium release following egg activation since microinjection of an anti-IP 3 receptor antibody into hamster eggs leads to a complete block of the repetitive calcium transients normally induced after fertilization (Myazaki et al, 1992 ; for review, see Ciapa and De Nadai, 1996) . IP 3 is formed by hydrolysis of phosphatidylinositol biphosphate (PIP 2 ) by a phospholipase C (PLC). A PLCy has been recently identified, characterized and cloned in sea urchin fertilized oocytes (C.De Nadai and B.Ciapa, unpublished) . PLCy activity increased during fertilization and was associated with tyrosine phosphorylation. Activation of PLCy could represent a link between integrin receptor activation and calcium release -as proposed by Ciapa and De Nadai (1996) . However PLCy could be activated by other pathways including other membrane receptors, calcium increase itself, or several kinases. Lawrence et al. (1997) have recently shown that sperm-egg fusion in the mouse is absolutely necessary for the initial calcium increase. The cytoplasmic continuity would allow the injection of a sperm-soluble protein as oscillin or an oscillinassociated protein as described by Parrington et al. (1996) . Bigler et al. (1997) suggest that sperm binding through an integrin receptor could send a 'get ready' signal to the egg allowing an efficient induction by sperm-egg fusion.
Integrin receptors are present on the mammalian oocyte surface. Several potential sperm ligands have been characterized. Inhibition of sperm-oocyte adhesion/fusion can be performed by monoclonal antibodies, RGD or disintegrinlike peptides. Cytoskeletal proteins usually linked to integrins are present in egg cytoplasm, associated with tyrosine phosphorylation and seem to play an important role during fertilization. It is, therefore, likely that integrin receptors participate through a multimolecular complex to several steps of fertilization including adhesion, fusion, sperm incorporation and egg activation. The nature of the integrins and co-receptors and the way in which they transduce the signal to stimulate the calcium wave need to be investigated further.
